Key words: P/^stfn/m/oscillation/entrainment/phase locking/calcium ion ABSTRACT. To elucidate the mechanism of mutual interaction between intracellular chemical rhythms in the Physarum plasmodium, external Ca2+ oscillation was applied to the ionophore-treated plasmodial strand and its response was measured as tension oscillation, (i) Tension oscillation is entrained and phase locked to the externally applied Ca2+ oscillation, (ii) Two kinds of stable phase relationship, in-phasic and anti-phasic ones, are observed between them, (iii) Transition between the two stable phase relationships is also observed. These results suggest that intracellular rhythms which control tension generation are mutually entrained by means of cytosolic Ca2+ oscillation in the organism and that their interactions have two kinds of stable phase relationships.
The Physarum plasmodiummigrates coordinately as one whole body even in a complicated environment. We recently clarified that such coordinative migration necessitates mutual entrainment between intracellular rhythms to process information from external environment (10). Howdo such rhythms interact with each other in the organism?
Tension oscillation which generates motive force of tactic migration is observed in every part of the plasmodium (19) . Chemical substances, such as Ca2+ (7, 21) , ATP (22) and H+ (ll), also oscillate in a fixed phase relationship to tension rhythm. Mechanical interaction is not required for spatial synchronization between tension oscillations (20) . Propagation velocity of the oscillation is much higher than that of endoplasmic streaming (10). These facts suggest that the mutual interaction between intracellular rhythms controlling tension generation is mediated by some chemical reactions. Ueda et al. reported that a wavy ATPpattern propagates from the front to the rear in the organism (17) . Wealso found that the frequency of intracellular Ca2+ oscillation is modulated not only at stimulated sites but also in nonstimulated regions after applying a local attractive stimulus (12). However, the causal relationship between these chemical interactions and their character- istics still remain obscure.
The purpose of this report is to identify the key oscillation in such chemical interactions and to clarify their properties. As a candidate, weapply external oscillation of Ca2+ concentration to the ionophore-treated plasmodium and measure its responses as tension oscillation. Our results show that the intracellular rhythm which regulates tension development is entrained by means of Ca2+ oscillation and that the interaction has two kinds of stable phase relationships. The mechanismand function of such interaction are discussed in the last section.
MATERIALS AND METHODS
Organism. The plasmodium of Physarum polycephalum was cultured by the method of Camp(1) and stored as sclerotia. It was allowed to migrate on a 1.5% agar gel sheet overnight without feeding before use. A plasmodial strand about 15 mmin length and 0.6 to 0.8 mmin diameter was used for the experiments.
Regulation ofCa2+ concentration. The plasmodial strand is placed in a small measurement chamber (3 mmx 10 mmx 3 mm) as shown in Fig. 1 . Then artificially controlled Ca2+ concentration oscillation is applied to the organism by the following methods. Ca2+ concentration is regulated by changing the mixing ratio between two kinds of solutions. One is a calciumcontaining solution and the other is a calcium-free solution. The mixing ratio is continuously varied in the form of the sine function and the mixed solution flows through the measurement chamber.
The calcium solution (pCa 4.6) contains 2mMCaCl2, 2 mMEGTA, 10mMMOPS, 13 mMKC1and2mMNaCl, and it was adjustedto pH 7.0byadding ll.8 mMKOH. The calcium-free solution contains 2mMEGTA, 10mMMOPS, 17 mMKC1 and 2mMNaCl, and it was adjusted to pH7.0 by adding 7.8 mMKOH. Amphotericin B (Sigma) is applied to the both solutions as an ionophore at the final concentration of 2jug/ml according to the method of Yoshimoto et al. (21) . Since this ionophore has no Ca2+ selectivity as A23187, concentrations of sodium and potassium ions in each solution are approximately adjusted to that of the intracellular value of the plasmodium (6). To remove the slime layer around the organism, 0.1 jug/ml lysozyme (Sigma) is also added to both solutions. They are continuously oxygenated before mixing. The mixed solution flows at the speed of 1.0 ml/min in the measurement chamber by means of a peristaltic pump (Minipuls2, Gilson). Temperature and pressure of the solution in the chamber are adjusted to 20°C and atmospheric pressure, respectively. To measure the Ca2+ concentration in the chamber, a calcium electrode (F21 10Ca, Radiometer) and reference electrode are installed, as shown in the figure. By the use of an electromagnetic valve (Mixograd Valve, Gilson) controlled by microcomputer, the mixing ratio is regulated at 2 sec intervals. The concentration of Ca2+ oscillates between pCa 6.0 and 7.0, and its meanvalue is fixed at pCa 6.5. Before onset of Ca2+oscillation, the concentration around the plasmodiumis fixed at a constant level ofpCa 6.5 for about 30 min. The period of external Ca2+ oscillation is approximately adjusted to the meanperiod of tension oscillation observed in this time interval in the organism.
Measurementoftension development. To measure the responses to external Ca2+ oscillation, tension oscillation in the plasmodium is recorded simultaneously by using the method of Tanaka et al. (16) . The plasmodial strand is horizontally connected between the two extensions of two glass capillary tubes placed 5mmapart, as shown in Fig. 1 . Bythe use ofa tension transducer (AE-801 , Akers, Horten, Norway) which is attached to one of the extensions, longitudinal isometric ten- sion of the plasmodial strand is measured. Its sensitivity is about 0.1 mg. To seal the transducer from the Ca2+ solution, the holes in which the transducer and extensions are placed are filled with silicon oil (Shinetsu). Data analysis. The period of tension oscillation is defined as the time interval between two successive minimal peaks in the time course. The phase difference between external Ca2+ oscillation and tension oscillation is denned as follows. The time interval of the two corresponding maximal peaks between the tension and Ca2+ oscillation is divided by the period of Ca2+ oscillation and multiplied by 360°. Then it is assumed that the phase difference has a positive value whenthe tension oscillation has an advanced phase compared to that of Ca2+
oscillation.
RESULTS Figure 2a shows a fluctuation of period in the time course of tension oscillation which was observed under the application of external Ca2+oscillation. It clearly exhibits the sharp distribution pattern of the period and its mean value is 1.0, which means that the period of tension oscillation exactly coincides with that of external Ca2+ oscillation. However, as shown in Fig. 2b , the pattern of period distribution became rather broad when external Ca2+concentration was kept constant at pCa 6.5. In addition, when the plasmodium was not treated by the ionophore, such phenomena in Fig. 2a were not observed even under the same Ca2+ oscillation as shown in Fig. 2c . These results indicate that the intrinsic fluctuation of tension oscillation is suppressed by external Ca2+ oscillation and that the Ca2+ oscillation directly affects the intracellular chemical oscillations. Thus, it is shownthat intracellular oscillator controlling tension generation is entrained to external Ca2+ oscillation. Figure 3a shows an example of the time course of tension development, external Ca2+ concentration and the phase difference between the two oscillations, respectively. It is clearly shownthat tension generation oscillates in the same period and in fixed phase relationship to external Ca2+ oscillation. The stable phase relationship between them wasan anti-phasic state in this case. When the phase of external Ca2+ oscillation was shifted to -90°at the point indicated by the arrow in the figure, such an anti-phasic relationship recovered after some transition cycles of tension oscillation. These results mean that the intracellular oscillator controlling tension generation is phase locked to external Ca2+ oscillation under the entrained state. Figure 3b shows another example of phase locking under a stable entrained state between the two oscillations. Before phase shifting, the stable phase relationship was an in-phasic state. After 180°phase shift of external Ca2+ oscillation, the in-phasic phase relationship also recovered within some transition cycles of tension oscillation. Other details were the same as in the above case. Figure 3c exhibits an example which shows the transition between the two stable phase relationships. Before phase shifting, the relationship was kept to an in-phasic state. After the 180°phase shift of Ca2+ oscillation, it changed to the stable anti-phasic state. Thus, it is suggested that not only the anti-phasic relationship but also the in-phasic one are stable entrained states and that they dynamically change with one another. Therefore, these experimental results are summarized as follows, (i) Tension oscillation in the ionophoretreated plasmodial strand is entrained and phase locked to externally applied Ca2+ oscillation, (ii) Two kinds of stable phase relationship, in-phasic an anti-phasic ones, are observed between them, (iii) Transition process between the two stable phase relationships is also observed.
DISCUSSION
These results indicate that tension oscillation measured in this experiment represents not the direct response of the contractile system to external Ca2+oscilla-tion but the dynamic response of the intracellular chemical oscillator controlling tension generation. This is supported by the following two results. Although tension development monotonously changes according to the increase of Ca2+ concentration from pCa 7.0 to 6.0 in the plasmodium (7, 23), both in-phasic and anti-phasic relationships between the two oscillations were simultaneously observed in the same region of Ca2+ concentration. In addition, the transition process of tension oscillation for the re-entrainment was observed after the phase shift of external Ca2+ oscillation. Therefore, the following two findings are obtained. One is the identification of the key oscillation in intracellular mutual entrainment. Since the intracellular rhythm which controls tension generation is entrained to external Ca2+oscillation, we could conclude that such rhythms interact by means of the cytosolic Ca2+ oscillation in the organism. This conclusion is further supported by the following two reports. Satoh et al. clarified that the primary oscillator controlling tension generation is mitochondria, especially the Ca2+ up-take process (14). We also reported that coordinated tactic migration as a whole body disappears under anaerobic conditions in which mitochondrial activity is suppressed (16) . However, these do not mean that the possibility of ATP oscillation as a mediator should be excluded. Onthe other hand, we have recently found that a global gradient of Ca2+concentration exists from the front to the rear in the plasmodiumand that its polarity always coincides with migratory direction (12). Since the intracellular rhythms and this spatial gradient have a commonmediator, Ca2+, it is suggested that they interact with each other in the process of coordinative migration. As for a possible mechanism governing it, the model of cytosolic Ca2+ oscillation using Ca2+-induced Ca2+ release from intracellular stores (2, 18) could be proposed.
The other important point is the variety of the phase relationships generated by such mutual entrainment.
Since our results show two kinds of stable relationships and the transition between them, it is suggested that various phase patterns could be dynamically organized under the entrained state in the coupled-oscillator system in the plasmodium. This kind of phenomenon has been found and theoretically investigated in some biological systems, such as the circadian pacemaker (5, 13) and cooperative human hand movement (3, 15) . However, in the plasmodium, simple and steady patterns of phase gradient have been studied mainly in correlation with the information processing mechanism in tactic response (4, 8, 9, 16) . Kuroda et al reported that abrupt irregular change of the phase relationship amonglocal intracellular Ca2+ oscillations is observed in the microplasmodium (7). Yoshimoto also showed a possibility of such fluctuations in the plasmodium (24) . Our previous report further indicated that the fluctuation of local phase relationship between endoplasmic and ectoplasmic regions decreases after environmental stimulus (10, 16) . Thus, such fluctuations might have a close correlation with the flexible interaction between recognizing process of environmental conditions and other information processing processes in taxis. These mechanisms should be further investigated experimentally and theoretically.
